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Abstract. 

It is shown that, in supergravity models of inflation where the gauge kinetic function of a gauge field is modulated by the 
inflaton, we can obtain a new inflationary attractor solution, in which the roll-over of the inflaton suffers additional impedance 
due to the vector field backreaction. As a result, directions of the scalar potential which, due to strong Kahler corrections, 
become too steep and curved to normally support slow-roll inflation can now naturally do so. This solves the infamous rj- 
problem of inflation in supergravity and also keeps the spectral index of the curvature perturbation mildly red despite rj of 
£SJ , order unity. This mechanism is applied to a model of hybrid inflation in supergravity with a generic Kahler potential. The 

■ spectral index of the curvature perturbation is found to be 0.97 - 0.98, in excellent agreement with data. The gauge field 

can act as vector curvaton generating statistical anisotropy in the curvature perturbation. However, this anisotropy could be 
possibly observable only if the gauge coupling constant is unnaturally small. 
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INTRODUCTION 

The supersymmetric (SUSY) version [[Ol of hybrid inflation ijH is undoubtedly one of the most promising types of 
inflation models that remain into effect today. It naturally arises within SUSY grand unified theory (GUT) models and 
avoids the massive fine-tuning required in single field inflation models. The slowly rolling inflaton stays sub-Planckian 
during inflation and, thus, non-renormalizable terms are not totally out of control. Inflation takes place at energies 
near the SUSY GUT scale in order to yield the observed magnitude of the curvature perturbation. Consequently, the 
waterfall field can be naturally identified with the GUT Higgs field. SUSY is crucial for inflation since it offers 
a multitude of flat directions along which inflation can take place. Moreover, the flatness of these directions is 
, not destroyed by radiative corrections as in non-SUSY theories. Actually, in SUSY hybrid inflation, the radiative 

corrections just provide a gentle logarithmic slope needed for the inflaton to slow-roll. 

However, promoting global SUSY to local supergravity (SUGRA), the need of another set of fine-tunings is 
introduced. Indeed, Kahler corrections to the scalar potential generically give rise JH to an inflaton mass of order 
the Hubble parameter H. This is the infamous 77-problem of SUGRA inflation, i.e. the fact that the slow-roll parameter 
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5— 1 ■ 77 is pushed to order unity by SUGRA corrections: 

,«*£*i(=) , -«i> 

with mp = 2.44 x 10 18 GeV being the reduced Planck mass, m^H being the inflaton mass, and prime denoting 
derivative of the scalar potential V with respect to the inflaton field. The scalar spectral index n s of the curvature 
perturbation then receives a contribution 

5(» f -l) = 271 = ^(1), (2) 

which contradicts its observed approximate scale invariance. Moreover, SUGRA corrections lift the flatness of the 
inflaton direction and destabilize slow-roll. As a consequence, the number of e-foldings generated is not enough to 
solve the horizon and flatness problems of standard big bang cosmology. Finally, if the inflaton mass is m > |//, 
the inflaton cannot generate the necessary density perturbations. Fortunately, hybrid inflation with a minimal Kahler 
potential is protected from SUGRA corrections by a cancellation and the 77-problem does not arise [4]. However, any 
higher order corrections to the minimal Kahler potential would produce a massive 77 -problem. 

Recently, a surprising solution to the 77-problem was proposed J5|]. An interaction of the inflaton field with a vector 
boson field leads to a new inflationary attractor solution, where the vector field backreaction reduces the effective 



inflaton potential slope: |V e ' ff | < \V'\ with V e ' ff = V' + 33 a- This can overcome the 77-problem by enabling long-lasting 
slow -roll inflation to take place even if V is substantially steep and curved. Furthermore, the vector backreaction affects 
the inflaton equation of motion such that it allows the inflaton to undergo particle production even with 77 = 
We show |0] that the mechanism of vector backreaction also protects the scalar spectral index n s against excessive 
contributions from a large r) parameter. Applying these results to the standard SUGRA hybrid inflation model with a 
generic non-minimal Kahler potential, we find Jg] that hybrid inflation can be long-lasting and produce a weakly red 
spectrum of curvature perturbations in agreement with observations. 

As expected, the vector field can, in principle, give rise iSl^] to statistical anisotropy in the curvature perturbation 
£. Note that the observations still allo w HI as much as 30% statistical anisotropy. Moreover, a preferred direction 
on the microwave sky might be hinted [10] by the unlikely correlation of the low multiples of the cosmic microwave 
background. One way to generate statistical anisotropy is ifTlll if the vector field acts as a curvaton lfl2l Il3ll . i.e. 
via the vector field perturbations themselves. We apply H this to standard SUGRA hybrid inflation to see whether 
appreciable statistical anisotropy in the spectrum and bispectrum of the curvature perturbation can be generated. We 
consider natural units, where c = h = kg = 1 . 



VECTOR SCALING SLOW-ROLL INFLATION 

Consider [0] a C/(l ) gauge symmetry with gauge field and a complex scalar Higgs field <t> with unit charge. Writing 
<P = (j)e i f/V2 and using the gauge invariant combination IiqA^ ^IiqB^ — d^cp (with Iiq being the gauge coupling 
constant), we obtain the Lagrangian density 

if = - l -f(a)F, v F^ v + I (drf) (d»<j>) + IhffiA^-V^), (3) 

where is the field strength and V\ ((j>) is the potential for (p. The gauge kinetic function / is modulated by the real 
scalar inflaton field a: 

with h((Jo) = ho so that /(do) = 1 and A^, becomes canonically normalized when a assumes its vacuum expectation 
value (VEV) Co- The spatial components of the physical vector field acquire a mass Ma = ho<po after U(l) breaking 
(00 is the VEV of 0). 

As inflation homogenizes A^, Aq vanishes fTill and, without loss of generality, we can take A^ = (0,0,0,A z (f)). 
The metric is ds 2 = dt 2 — a 2 (t)(dx 2 +dy 2 ) — a 2 (t)dz 2 , where «i,2 are the scale factors related to the different spatial 
directions. The average scale factor is a = (0^02) 1//3 and the average Hubble rate is H = d/a (dot denotes derivative 
with respect to cosmic time). The anisotropic stress induced by the vector field is then 



3H dt \ a2 

The coupling of A^ to a through the kinetic function f(o) induces a source term S§a = — «2 2 /'( <7 M?/2 in the 
scalar field equation 

a + 3H<7 + V'{<j) + .@ A {c>Az) =0, (6) 

where prime denotes derivative with respect to a, whose potential is V (a). For half of the parameter space and for flat 
V (cr), the system evolves ]5] to the standard slow-roll inflationary attractor. On this attractor 38 E, and the vector field 
energy density p A vanish and, thus, the vector field cannot influence the expansion of the universe. For the other half 
of the parameter space, 3§a backreacts J5D on the dynamics of a and the system tends to the vector scaling slow-roll 
(VSSR) inflationary attractor. On the VSSR attractor, A^ has a non-negligible effect on the expansion of the universe 
via its non-vanishing Qa an d 

On this attractor, f((j) scales lfl3ll as / a tt ^ « 4 , which leads to scale-invariant transverse spectra &l,r of vector field 
perturbations. From parity conservation, the left and right transverse polarization components 3?l.r are identical. If the 
vector field is massless, its longitudinal component decouples and particle production of this field is highly anisotropic. 
Thus, the vector field, in this case, can only contribute subdominantly to £, but it can still generate substantial statistical 
anisotropy and anisotropic non-Gaussianity. 



The criteria for the existence of the VSSR attractor are [HI 



Conditions 



i |r / |»i, 
n |r / |»|A |, 
m A r / >6, 



(7) 



where the dimensionless model parameters 



r f( a ) = V 2 mp 



and Xo(a) = \/-mp 



(8) 
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are used and the vector field is considered massless. If the dimensionless model parameters are time-depended, we 
have additional conditions |5[] : 

A,B,C,D<1, (9) 

where 



B 



C 



D 



ntp 



3 



r 2 

.f 


, 1^ 

3r 2 




K 
r 2 


i 




r' 


, K 






r 2 

.f 


r 2 


r f (XoT f -6) 




_2_K + ( 


r 2 ) {3r f 


4) 



(10) 



General properties of the VSSR attractor 

The vector backreaction SB& = — flj 2 /'(<t)A 2 /2 is independent of d and thus only modifies the effective slope of 
the potential V e ' ff = V' + S8&. Since f{o) °c \/h 2 — > 1 after the end of inflation, we require that it is always decreasing 
in time, f(t) < 0, so that the remains weakly coupled during inflation. Then, since a decreases in time during 
inflation, /'(c) > and, thus, SB a < thereby reducing the effective slope of the potential. Once the dimensionless 
model parameters are slowly varying in time, the backreaction S$a is proportional to V'(<j) and we obtain 

Vl s = V' + £t A ~j^rV'. (11) 

Condition III in (0 then implies that the effective potential slope seen by the inflaton is reduced. So, we can obtain 
slow-roll inflation with potentials that would normally be too steep for slow-roll. Indeed, on the VSSR attractor, the 
slow-roll parameters £h = —H/H 2 and ?7h = —H/2HH are 

2^o , , 2Ao \/6mp I An r \ 

e H ~-^«l and m ~ + 1—JL \ Jl - -± ) (12) 

r f r f r f \^ r f J 

and slow -roll inflation with £h, t?h <C 1 is possible. From the slow -roll equations 

3m 2 P H 2 ~V((j) and 3HCT~-V^(ff), (13) 

we can find the number of e-foldings 

^" = 7 ln 7r^T (14 > 

4 /((Tend) 



as the inflaton rolls from c, to (Tend, its values at the start and the end of inflation, respectively. The vector-to-scalar 
field energy density ratio Si does not vanish J5tl on the VSSR attractor: 

(15) 

Pa 1 f 

inducing a small anisotropic stress E ~ 2&/3 leading 0,Ht] to statistical anisotropy in the curvature perturbation £. 



Curvature perturbation from VSSR inflation 

At horizon crossing of the pivot scale = 0.002Mpc~', the curvature perturbation generated by the inflaton is 
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(16) 



where (fTTT i and dT3l were used. Considering that the observed £ ~ 4.8 x 10 5 (COBE normalization IU5I1 ) is generated 
by the inflaton alone, we have £ CT ~ £. The spectrum of the curvature perturbation, in this case, is |01 
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where ([T3l was used and the slow-roll parameter e is defined in the usual way e(cr) = (m 2 p /2) (V' /V) 2 . The spectral 



index n s — 1 = 



(/ln<: 



on the VSSR attractor is 
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(18) 



where r] is the usual slow-roll parameter rj (a) = mp (V"/V). The standard result n s — 1 = 2r\ — 6e is recovered for 
y e ' ff = V, i.e. Aol / = 6, hence (W) = 0. We see that « s is independent of the potential curvature encoded in 77 and 
it is easy to obtain a red spectrum favored by the current observational bounds 0.953 < n s < 0.981 (at la) IU50 . The 
running of the spectral index n' s = on the VSSR attractor is also found [jfl to be 
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77 - 2e + 2mp 



(19) 



and should be compared with the current observational bounds 
(at 95%cf). The tensor-to-scalar ratio on the VSSR attractor is 



1511 with no gravitational waves: —0.084 < n' s < 0.020 



16e 



( 6 



192 
Y 2 



(20) 



with current observational bound [ 15] with no running of the spectral index r < 0.36 (at 95%cf). 



Statistical anisotropy and anisotropic non-Gaussianity 



Since, during VSSR inflation, the vector field remains massless but with a small non-zero energy density, it could 
contribute HHHI]] to the primordial curvature perturbation £. After the end of inflation, the vector field becomes heavy 



with mass Ma and oscillates rapidly behaving like pressureless matter. It can then nearly dominate the energy density 
and imprint Ill4ll its spectra of perturbations generated during inflation. If / « a -4 , these spectra are lfl3ll 



( ^ ) 

The decay rate of the oscillating massive vector field is 

h\M A _ hlfo _ 

where the subscript 'dec' denotes the epoch of vector field decay. For the gravitational effect of the vector field not to 
be suppressed, its oscillations should last |@] at least one Hubble time before its decay, i.e. 

ts I±*!S*pWL<i, (23) 

where (TToT i and ( 1221 were used and the subscript 'end' marks the end of inflation. From this, we get 
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ho<[ ^r/T ) • (24) 
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The anisotropic spectra of perturbations of generate statistical anisotropy parametrized by g: 



^ f (k) = ^ S0 (/t) l+g(d-k)' 



(25) 



where k = k/k and d is the unit vector in the preferred direction. The present upper bound on \g\ is 0.3 J^], while the 
Planck satellite will reduce lfl6ll it to 0.02. Maximal statistical anisotropy is generated if the infiaton decays rapidly 
after inflation, while the vector curvaton decays later. In this optimal case, the statistical anisotropy is found to be |Q] 



3m P h ^\r f (a lf )\ 

For a Planck detectable statistical anisotropy \g\ > 0.02 Qj| , this gives 



end (26) 



3 m P C,\Tf{o*)\ 



The vector curvaton may also generate non-Gaussianity in the curvature perturbation £. At present, there is 11151 
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a hint for a non-zero non-linearity parameter /nl characterizing non- Gaussianity: f& al = 32 ±21 (at la) . In the 



optimal case discussed above, we obtain (6J] 

f —l gl £' <28) 

For Planck detectable non-Gaussianity /ml > ^(l), this leads to 

^ 25V6 ( ft \ 5 

°~ 3888 7T 2 |r 3 f ((j,)| {mpZj ■ y ] 



VECTOR SCALING SUGRA HYBRID INFLATION 

We now embed J(J the above vector curvaton into a well motivated model of SUSY GUT hybrid inflation. Consider a 
simple SUSY GUT model based on thegauge group G = Gsm x U(\)b-l with Gsm being the standard model gauge 
group, which naturally incorporates |Q] Q standard SUSY hybrid inflation. The gauge group G may be thought as part 



of a larger GUT gauge symmetry (see e.g. I17J). The model contains a conjugate pair of Gsm singlet superfields <t> 
and <t> with B — L= +1 and —1, respectively, which break U(\)b-l by their VEVs and a gauge singlet S triggering 
the U(1)b-l breaking and acting as our slowly rolling inflaton. Adequate flatness of the inflationary trajectory is 
guaranteed by a discrete Z„ R-symmetry: S — > Se 2m l'\ W — > We 2 "'/". Note, in passing, that such symmetries arise lfl8ll 
in many compactified string theories and can effectively act lfl9tl as continuous symmetries. 

The most general superpotential relevant for inflation and allowed by the symmetries of the model is 

W = S £ A hh (&t) kl (S n )* 2 , (30) 

k u k 2 =0 



where are coefficients with varying dimensions (for a similar analysis, see [20]). For n > 3, we rewrite this as 

W = kS (<!><i> - M 2 ) + "non-renormalizable terms" , (31) 

where A o = — KM 2 and A\q = K with K and M ~ M G ut made positive by field redefinitions (M G ut is the SUSY GUT 
scale). The non-renormalizable terms are suppressed by powers of mp. 
The scalar potential in SUGRA has the form 



V 



FtyKi -3- 



•p 



j£ [Re/^;)] -1 h a h„D a D b , (32) 



a,b 



where K is the Kahler potential, f a f, the gauge kinetic functions, and 

d 2 K dW W dK _ , . ■ dK r 

J <94>,<94>* <94>, mpo&j 

Here the subscripts a,b,--- label the generators r„ of the gauge group with gauge couplings h a and % a are Fayet- 
Iliopoulos D-terms for the U(l) gauge groups. In our model, only the gauge kinetic function / for the U(1)b-l is 
taken not equal to unity and we have just three fields <I>, = (5, < t > ,<I>). D-flatness requires that <I>* = <t>e ,e , where we 
choose = so that the SUSY vacua are contained in this D-flat direction. Then, bringing <t>, <I> on the real axis by 
a U(1)b-l rotation, we write <t> = <I> = 0/2, where is a normalized real scalar field. We also define the normalized 
real scalar field a: \a\ = y/2\S\ (see below). The SUSY minimum is at a = Go = and = 0o = ±2M. 

For |cr| > |c7 e | = V2M, the potential V in global SUSY has a stable flat direction at = along which inflation 
can take place driven by the false vacuum energy density K 2 M 4 . As \a\ crosses its critical value \o c \, the effective 
mass-squared m 2 ^ of 

m 2 ~k 2 (\S\ 2 -M 2 ) (34) 

becomes tachyonic and inflation ends abruptly by a waterfall. 

The Kahler potential K is a real function of the invariants |5| 2 , | < t > | 2 , | < I > | 2 ,4><1>, S". On the inflationary trajectory, 
where <I> = 3> = 0, the matrix Kij* becomes diagonal and Fq, = = 0. So the only terms in K which will contribute 
on this trajectory are 

I 2*1 r -, 

K = L IU-2 ^AS") k2 +h-c , (35) 
kj ±2=0 m p J 

where are dimensionless coefficients of order unity. Hence K = \S\ 2 — (a/4)\S\ 4 /mp-\ with aoo = 0, 

flio = 1 /2, and «20 = — ck/8, where \a\ ~ 1 is a real parameter. 

The SUGRA scalar potential in ( |32l restricted on the inflationary trajectory can then be parameterized as 

V = k 2 M* £ PkJ%£j r +h.c., (36) 
k u k 2 =0 m p l 

where the Pk { k 2 are dimensionless coefficients, which are functions of A^, and a^^. Writing S = |a|e"*/v2, the 
dimensionless inflationary potential V / K 2 M 4 is found J6J to be 

V a ( a \ 2 „/<7 x 



where 8j3 = 1 + 7 a/2 + 2a 2 — 18(«3o + c.c), y= e + aoi — taken real with c from Aq\ = —cKM 2 /m n p . Minimizing 
V with respect to we find that, for y < 0, # = 2nk/n, which by a Z„ transformation can be brought to zero. For 
y> 0, V is minimized with # = (2£+ \)n/n, which by aZ„ transformation can be brought to n/n. 

The one-loop radiative corrections to the inflationary potential are given by the Coleman-Weinberg formula ll2lll : 
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(38) 



with f c (x) = (x + l) 2 ln(l + 1 jx) + (x — l) 2 ln(l — 1 /x), where x = a 2 /2M 2 and Q is a renormalization scale. They 
generate a log 
fields remain 
d37| i, for non- 
leading to T] 
In the VSSR 
coefficient a. 

In our case, the dimensionless model parameter Ao in (0 becomes |@] 



^arithmic slope on the inflationary valley. Note that, for sub-Planckian field values a < mp, the scalar 
approximately canonically normalized even with a non-minimal Kahler potential. As we see from 
-canonical Kahler potential K, the inflaton obtains a contribution to its mass-squared V"(0 =0) ~ 3aH 2 
a. Thus, a would normally be fast-rolling unless a is suppressed, which is the infamous ^-problem, 
attractor, however, we can obtain slow-roll inflation even without fine-tuning the non-canonical Kahler 
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(39) 



We assume here natural values for | a | ~ 1 so that the first term in Ao dominates over the radiative corrections until the 
end of inflation. The condition for this is K < \%\f\a\(M jmp). We will show that a red spectrum can still be obtained, 
in this case, if the cosmological scales exit during the VSSR attractor. We also find for the first derivative of Ao that 

2 



^\ m p\K\ = |fj-2e| 
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^ 2 I \ mp 



(40) 



An exponential gauge kinetic function 



The gauge kinetic function, which is holomorphic, cannot contain terms linear in S because of the Z„ R-symmetry, 
but combinations S" are allowed. Combinations <t><f> are also allowed, but they do not contribute on the inflationary 
trajectory. We consider ^ an exponential gauge kinetic function 



f(S n ) = exp 



= exp 



\V2m) ' 



(41) 



which goes to unity as the inflaton settles into the SUSY vacuum. For 7 < 0, where # = 0, we choose q > and for 
y > 0, where & = n/n, we choose q < so that the exponent in (RTl i is always positive: 



f(a) =e l<?l V^; 
The dimensionless model parameter Tf(a) in ^ is then 



2 \M J \\a\J \\/2M J 



(42) 



(43) 



We see that this parameter is not constant for n 7^ 1. The VSSR attractor demands that Tf and Ao have the same sign, 
so we take the non-canonical Kahler parameter a > 0. We also choose a > for definiteness. For |^| ~ 1, conditions 
I and II in ^} for the existence of the VSSR attractor are readily satisfied, while condition III requires that \q\an > 4. 
Since Ao = Ao(cr) and Tf = r^(ff) are not constants, we have to consider the additional conditions in (0 too. The 
tightest ones are A,C < 1, which yield 
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(44) 



with the latter being stronger than \q\ an > 4 required by condition III in (jT). 



Properties of vector scaling slow-roll inflation 



The e-foldings iV att during the VSSR attractor from an initial inflaton value <7; until the end of inflation are found 
from (HUi to be 



\V2m) 1 



(45) 



For a, < nip and, say, \q\ = n = 3, we find that iV att < 10 5 , which is more than enough for solving the horizon and 
flatness problems. At horizon exit of the pivot scale k*, 
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The reduced effective scalar potential slope is found from (ITTb to be given by 



4 / Vim" 

V ~ \q\an \ a 



< 1. 



The slow-roll parameters in (fTZt become 



2a ( a \ 2 ( V2M" 



q\n \mp J 



2(2-n) / Vim" 



\q\n 



(46) 
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(48) 



and remain <C 1 for n > 3 and nip > o > <J C = \f7M. The vector-to-scalar energy density ratio 2$, increases during 
VSSR inflation and its value at the end of inflation is 



(49) 
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With n = \q\ = 3, a = A, we find that ,^ e nd —1x10 . For large n, the ratio decreases as if e nd x 1 /n. 



The curvature perturbation 

The primordial curvature perturbation is found [f>| from (TTol and d4o*b to be 

5 b 2oV6tt v^py V \q\ J 

The COBE normalization |H with M = M Gm , N* = 60, n > 3, |? | > 3 then leads to K < 1 .5 X 10~ 3 , which readily 
satisfies the condition for the radiative corrections to be subdominant in ( |39l with a =A. Note that here the COBE 
normalization can be satisfied for M = Mgut- whereas, in standard SUSY hybrid inflation, M turns out to be |H 01 
somewhat below Mgut- For \q\, a ~ 1, the scalar spectral index is found from (|39l , d4H , and (|46*I > to be 

2(n-l) 

«^i — 4r -■ (51) 



So, for n = 3, n s ~ 0.978 and, for n > 1, n, ~ 0.967, which fit very well within the la bounds from WMAP 11511 . 
Using ( fT9l ) and ( [391 , we find that the running of n s in our model is well approximated by 

which, for « = 3, gives n' s ~ — 3.6 x 10" 4 and, forn>l, n' s ~ —5.4 x 10 4 well satisfying the WMAP constraints 
lfl5ll . The tensor-to-scalar ratio is found from (l20l and (|39l to be 

256 < M ^<™- .V'"""", (53) 



(qn) 2 \mpj \ \q 

which, for = 60, n > 3, \q\ > 3, gives c<lx 10 -6 , compatible with WMAP, but probably too small to be observed 



Statistical anisotropy 



For the gravitational effect of the vector curvaton not to be suppressed T < 1 with T in ( f23b . This requirement, using 
d2"3t and d46]l, gives 

i<5*tf« + r, (54 , 



191" v I? 



which, for A'* = 60, n > 3, |g| > 3, becomes Iiq < 0.05. So, for the SUSY GUT value ho ~ 0.7 of the gauge coupling 
constant, the gravitational effect of the vector curvaton is somewhat suppressed. For the statistical anisotropy induced 
in the spectrum (see i26Y ) 

V2^ end (M\ 2 [AN, X^l" 



3\q\nh Q Q \mpj \ \q\ J 

where ^ end is given in (|49j, to be Planck detectable JH], ft <lx 10~ 4 for Of ~ 4, iV* = 60, n > 3, \q\ > 3, which is 
far smaller than the SUSY GUT Iiq. The amplitude of non-Gaussianity (see (f28])) 

/NL "3^ (56) 
is Planck detectable, i.e. / NL > ifh <3 X 10~ 10 for a ~ 4, =60, n > 3, \q\ >3, which is far too small. 



CONCLUSIONS 

We showed that, if the inflaton modulates the kinetic function of a vector field, the backreaction to the inflaton's 
variation allows slow-roll inflation despite the fact that the inflationary potential is too steep as a result of sizable 
Kahler corrections. Moreover, a mildly red spectral index of inflaton perturbations can be produced eliminating the 
77 -problem of SUGRA inflation. 

We have applied the above mechanism to a model of SUGRA hybrid inflation, where the waterfall field is taken 
to be the Higgs field of a SUSY GUT. The vector field with modulated kinetic function is one of the GUT gauge 
bosons which become massive at the GUT phase transition. We showed that slow-roll inflation can take place with 
a generic Kahler potential despite the fact that 77 = 0(1). Moreover, a red spectrum of perturbations is attained, in 
agreement with observations. Indeed, for an exponential gauge kinetic function, we obtain n s ~ 0.97 — 0.98 with 
negligible running and tensor fraction. 

The vector field could contribute to the curvature perturbation £ if it acts as a vector curvaton. We found that the 
contribution to statistical anisotropy in £ is important only when the gauge coupling constant is unnaturally small. 
This is because the attractor solution is such that the vector field contribution to the energy density is rather small. So, 
a long period of vector field oscillations is required after the end of inflation for the vector field to become significant. 
This requires a small decay width of the vector field and thus an unnaturally small gauge coupling constant. 
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